The discovery of Lytic Polysaccharide Monooxygenases (LPMOs) has been 17 instrumental for the development of economically sustainable lignocellulose biorefineries. 
The depolymerization of complex plant biomass, primarily composed of cellulose, 38 various hemicelluloses and lignin, relies on a network of enzymatic and chemical reactions that 39 is still full of mysteries. Until recently, the degradation of the recalcitrant polysaccharides in 40 plant biomass was thought to be achieved by an arsenal of hydrolytic enzymes called glycoside 41 hydrolases (GHs) (1). In some ecosystems, the enzymatic deconstruction process is supported by 42 Fenton chemistry, i.e. transition metal-driven in situ generation of H 2 O 2 -derived hydroxyl 43 radicals, one of the most powerful oxidizing species found on Earth (2), which can oxidize both 44 polysaccharides and lignin in plant biomass (3). In 2010, a new class of enzymes was discovered, 45 which carry out oxidative cleavage of polysaccharides (4). These enzymes, today known as lytic 46 polysaccharide monooxygenases (LPMOs) (5), are single-copper redox enzymes (6, 7), that can 47 hydroxylate the C1 or C4 positions of scissile glycosidic bonds (4, (8) (9) (10) . 48 Despite their abundance in Nature (5, 11) and their obvious industrial importance, for 49 example in the production of cellulosic ethanol (12), the mode of action of LPMOs remains 50 enigmatic, although some catalytic mechanisms have been proposed (7, 8, 10, 13, 14) . It is well-51 established that one LPMO reaction cycle requires the recruitment of two electrons (4, 14-16).
52
The first electron is often thought to be acquired via reduction of the LPMO's Cu(II) center to 53 Cu(I) (11). When and how oxygen and the second electron are recruited remains an enigma. It 54 appears impossible that an electron provider such as cellobiose dehydrogenase (CDH) (11) 55 carries out direct reduction of the active site copper while the LPMO is bound to the substrate, 56 whereas it is unlikely that the protein unbinds during catalysis to allow such a direct second 57 reduction step. The existence of an internal electron channel that would allow electron delivery 58 to a substrate-bound enzyme has therefore been postulated (10, 17, 18) . 59 Interestingly, a recent study has shown that unprecedented high levels of LPMO activity 60 may be obtained when the enzyme is exposed to visible light in the presence of chlorophyllin 61 (Chl) and ascorbic acid (AscA) (19) . Although this study fell short of mechanistic explanations, 62 the effect was attributed to the generation of high-energy electrons provided by photoexcited 63 Chl, with AscA regenerating the Chl. From the increasing amount of publicly available data it 64 appears clear that LPMO catalytic rates are indeed dependent on the nature of the redox partner 65 (11, 20) , which is intriguing, since it has been shown that the rate of LPMO reduction in solution 66 is much higher (11, 16) than reported overall rates for LPMO action (4, 14, 21). These 67 observations made us postulate that a chemical species, common to all known reaction systems 68 but accumulating at different rates, plays an unsuspected key role in the LPMO mechanism.
69
Looking for a potential culprit for LPMO activity, we studied the Chl/light, Chl/light-AscA and 70 AscA systems for LPMO activation. A bacterial C1-specific cellulose-active LPMO10 from 71 Streptomyces coelicolor (ScLPMO10C) was used as primary model enzyme.
72
When using the Chl/light-AscA system, with relatively high light intensities, a strong 73 increase in LPMO activity was indeed observed, notably accompanied by an almost immediate 74 inactivation of the enzyme (Fig. 1A) . Since light-exposed chlorophyll may produce superoxide 75 (O 2 -) (22), we investigated whether addition of superoxide dismutase (SOD) or superoxide-76 consuming chemicals to the Chl/light-AscA system would allow better control of the reaction, 77 which turned out not to be the case (Fig. S1) . On the other hand, we found that both the catalytic 78 rate and apparent inactivation of the enzyme could be modulated by varying the amount of AscA 79 ( Fig. 1A; Fig. S2 ) or the light intensity (Fig. S3) . Interestingly, in the absence of AscA, the 80 Chl/light system yielded good LPMO activity and apparent inactivation of the enzyme was much 81 reduced, as illustrated by a more linear progress curve for LPMO activity (Fig. 1A) . Under these 82 latter conditions, low concentrations of SOD were beneficial for LPMO activity, whereas high 83 concentrations of SOD were detrimental due to rapid inactivation of the enzyme ( Fig. 1A; Fig.   84 Figure 1C shows that, in the absence of an LPMO, the Chl/light system produces H 2 O 2 87 and that production is strongly increased by adding SOD, which enzymatically converts 88 superoxide to H 2 O 2 , or AscA, which chemically reduces superoxide to H 2 O 2 (Fig. S5) . These 89 H 2 O 2 production levels in the absence of the LPMO (Fig. 1C) correlate well with the initial rates 90 observed in the LPMO reactions (Fig. 1A) . Moreover, rapid enzyme inactivation in the LPMO 91 reactions (Fig. 1A) correlates with the H 2 O 2 production potential (Fig. 1C) of the system used 92 and is associated with accumulation of H 2 O 2 in the reaction mixture (Fig. 1B) . Notably, in the 93 control reaction with only Chl/light, yielding relatively stable reaction kinetics (Fig. 1A) , 94 accumulation of H 2 O 2 was not observed (Fig. 1B) , whereas the Chl/light system does produce 95 H 2 O 2 (Fig. 1C) . Addition of catalase reduced the detrimental effect of adding high amounts of 96 SOD, reflected in slower inactivation of the LPMO (Fig. 1A) (Fig. S6A&B) , which is likely due to the many possible redox reactions 107 involving AscA, superoxide and H 2 O 2 (Fig S5) . However, the same overall trend stood out: both 108 higher LPMO activity and faster apparent enzyme inactivation were correlated with higher H 2 O 2 109 levels.
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Reactions with the Chl/light system (i.e. no AscA) seemingly lack a reductant needed to 111 reduce the LPMO copper, which led us to speculate that O 2 -could be involved in LPMO affected the activity of a fungal LPMO9 from Phanerochaete chrysosporium K-3 (PcLPMO9D)
141
( Fig. S9D-F) , another type of cellulose-active bacterial LPMO10, ScLPMO10B (Fig. S9G-I ), 142 and a chitin-active LPMO10, CBP21 (Fig. S9K-L) , in a similar manner, but significant 143 differences were observed in terms of the degree of activity enhancement and the sensitivity to which the enzyme was replaced by Cu(II)SO 4 did not show any oxidized products (Fig. S10 ).
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The results described above suggest a catalytic mechanism in which an H 2 O 2 -derived 147 oxygen atom, rather than an O 2 -derived oxygen atom, would be introduced into the 148 polysaccharide chain. In the proposed mechanism (Fig. 2) (Fig. 3A) correlates with the release of oxidized 175 products (Fig. 3B) . Importantly, these experiments were done using catalytic (rather than 176 putatively stoichiometric) amounts of reductant (10 M; i.e. 100 times lower than commonly 177 used concentrations; Fig. S12 ) to assess the concept of a "priming reduction" and to reduce the 178 effect of AscA on H 2 O 2 stability (Fig. S13) . Fig. 3B shows that product levels are much higher reduced by a reductant added in small amounts (Fig. S14) .
185
As a consequence of the above findings, LPMOs should be able to work under anaerobic 186 conditions, which indeed was observed ( Fig. 3C; Fig. S15 ). Fig. 3C (Figs. 3D, S16-S18 ). For example, Fig. 3D chitin-active LPMO10 CBP21 (Fig. S16) and a fungal cellulose-active LPMO9 (Fig. S17) . Fig. S19 ).
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Altogether, the experiments depicted in Fig. 3 and Figs S15-S19 unequivocally show that H 2 O 2 199 is the catalytically relevant co-substrate for LPMO-catalyzed oxidation of a polysaccharide. by a series of experiments where the LPMO was pre-incubated and then tested for remaining 226 activity (Fig. S20) . Enzyme inactivation was similar in the presence of EDTA, showing that 227 inactivation is not due to free metal-catalyzed generation of hydroxyl radicals. Importantly, 228 inactivation was partly avoided by the presence of substrate (Fig. S20) . Using proteomics 229 technologies, we found that the inactivated LPMO had undergone several oxidative 230 modifications that were confined to the catalytic histidines and, to a lesser extent, neighboring 231 residues (Figs. 4, S21, S22 ). Other residues prone to oxidative damage, such as surface exposed 232 residues in the LPMO domain, the linker or the CBM were not modified (Fig. S23) . This leads to 233 the important conclusion that oxidative damage is not caused by ROS in solution, as has been 234 suggested (23), but by ROS generated in the catalytic center, i.e. in situ, by enzyme-generated 235 hydroxyl radicals with diffusion-limited timescale reactivity. The protective effect of the 236 substrate (Fig. S20, S24 ), was reflected in reduced oxidative damage of the N-terminal catalytic 237 histidine (Fig. 4B) . The higher sensitivity of the N-terminal histidine may be related to the 238 orientation of the reactive oxygen species during catalysis. 
